The Schelde-estuary serves different estuarine functions and therefore faces managers with multiple challenges: increasing tidal propagation vs. safety against flooding; sedimentation in the navigation channel vs. port accessibility; changing dynamics vs. ecology. Within the Flemish-Dutch Long Term Vision for the Schelde-estuary, a 4 year (2014-2017) research programme was defined, in which 8 topics will be dealt with (e.g. tidal penetration, risk for regime shift, sediment strategies, valuing ecology). Two fundamental tools are crucial in answering the different questions towards the future management of the estuary: expertise/system understanding and numerical models. Where the numerical models reproduce the hydrodynamics reasonably well, sediment transport and the resulting morphological changes is still a big challenge. Therefore an extensive monitoring campaign was performed in 2014, during which both hydrodynamic and sediment transport measurements were performed in the Schelde-estuary. The data allows to validate the existing numerical models, allowing a better assessment of the possibilities and limitations of the present numerical models. This paper describes the validation of a 2D numerical model, that is used to optimize the relocation strategy of non-cohesive sediments in the Beneden-Zeeschelde. The comparison of sediment transport of field data and numerical model results show a rather promising agreement (i.e. differences of factor 2 to 3) for the Beneden-Zeeschelde. However, important differences (both in patterns, intensities and between different formula) were found when comparing topo-bathymetric changes predicted by the morphological numerical model and observed bathymetric changes.
INTRODUCTION AND BACKGROUND
In order to supply managers with adequate answers, research tools (both expertise/system understanding and numerical models (Peters et al., 2006) ) are crucial in answering the different questions. Where the numerical models reproduce the hydrodynamics reasonably well, sediment transport and the resulting morphological changes is still a big challenge. These limitations translate into uncertainties of the results, and trigger the precautionary principle within environmental impact and appropriate assessment (within the scope of the European Bird and Habitat Directive).
In order to collect appropriate datasets for validation of numerical models and to improve our system understanding, good sediment transport measurements are vital. Nevertheless, measuring sediment transport remains one of the most challenging aspects in river engineering (Plancke et al., 2012a; Thant et al., 2016) .
Within the scope of a common Belgian-Dutch research programme ("Agenda for the future"), which deals with system management challenges for the near future (e.g. tidal penetration, risk for regime shift, sediment strategies, valuing ecology), additional measurements were performed in order to validate state-of-the-art numerical models. This paper describes the measurements results, a comparison with classic sediment transport formula and the validation of the numerical models.
THE SCHELDE-ESTUARY
The Schelde-estuary is a macro-tidal estuary with a length of 180 km in Flanders and the southern part of the Netherlands (Figure 1 ). The Vlakte van de Raan ("mondingsgebied") connects the estuary with the North Sea and should be seen as an integral part of the estuary. This part is a shallow water area with several channels. The Vlakte van de Raan (-20 KM to 0 KM) connects to the Westerschelde (KM 0 to KM 60), which has a multiple channel system, with ebb and flood channels and intertidal sandbars in between. More up-estuary, near the Dutch-Belgian border, the morphological system changes into a single channel system, the Zeeschelde (KM 60 to KM 160).
The estuary is characterized by semi-diurnal tides, causing ebb and flood currents with important sediment transports of both cohesive and non-cohesive sediments. The Schelde-estuary serves different estuarine functions and therefore faces managers with multiple challenges: increasing tidal propagation vs. safety against flooding; sedimentation in the navigation channel vs. port accessibility; changing dynamics vs. ecology.
To guarantee port accessibility, dredging and relocation works are performed on a daily basis. In order to perform these works, licenses are granted by the responsible governments (Dutch governments in the Westerschelde, Flemish government in the Zeeschelde). Dredged sediment are relocated within the estuary, in order to minimize possible effects. Within the Westerschelde mostly sand is dredged, while in the Beneden-Zeeschelde (near the Antwerp port area) both sand and silt/mud are dredged during maintenance works.
Although annual discharge and sediment transport measurements (going from continuous SPM measurements at several points to yearly sailed transect measurements) are performed within the scope of the MONEOS programme (Plancke et al., 2012b) , additional measurements were necessary for model validation.
METHODOLOGY

Field measurements
In 2014, several measurement campaigns were performed, during which both hydrodynamic and sediment transport measurements were performed in the Schelde-estuary. At more than 10 locations ( Figure 1 ) measurements were executed over a full tidal cycle (13h): 3 locations at the Vlakte van de Raan, 7 locations at the Zeeschelde and 1 location at the Rupel, a tributary of the Zeeschelde.
At each location one or two vessels were used. The first vessel was anchored during the measurement period, performing measurements at a fixed point in the estuary. Currents were measured using ADCP (vertical profile) and Aanderaa Current Meter (point), while sediment transport was measured using both direct (Delft Bottle and pump samples) and indirect (OBS,ABS) techniques.The Delft Bottle technique was used both near-bed (using frame) and in the water column (suspended), at four different positions (bed + 20 cm, bed + 40 cm, bed + 100 cm and bed + 200 cm). Measurements were executed continuously, with sampling times varying from 3 minutes (at peak transport) to 15 minutes (near slack moments). From these measurements total transports were derived every 30 minutes. At those locations where a second vessel was available, additional transects were sailed using ADCP (current and sediment transport fromADCP-backscatter). For the locations at the Vlakte van de Raan, additional frames were placed at the bed, allowing long term (4 weeks) measurements of hydrodynamics (currents and waves) and sediment transport.
The measurements are used to validate the available numerical models. A first project deals with large scale sediment management issues in the down-estuarine part, Vlakte van de Raan (Van der Werf et al., 2015) . A second project focusses on management strategies for the most up-estuarine part, Boven-Zeeschelde (Vanlede et al., 2015) . A third project will detail the future sediment strategy in the Beneden-Zeeschelde and will be discussed in this paper. Both Delft3D and TELEMAC models are used in these different studies.
Numerical modelling
In order to receive a new license to relocate dredged sediments in the Beneden-Zeeschelde, an appropriate assessment is necessary. Within this assessment the possible effects of the relocation strategy must be evaluated, with regard to the reference situation (present strategy). A preliminary study was performed by Flanders Hydraulics Research to optimize the relocation strategy, both for sand and silt/mud, taking into account present and future challenges (tidal penetration, possibility of a regime shift) and minimizing possible effects on primary production, birds and fishes, etc. A 2D numerical model of the Beneden-Zeeschelde was set-up in Delft3D, based on existing state-of-theart NeVla-model ( Figure 2 ). Initially, it was opted to make a distinction between the cohesive (silt/mud) and non-cohesive (sand) sediment transport model, which is state-of-the-art (Dam et al., 2013) . Possible effects are different: relocation of silt/mud will have a possible effect on the suspended sediment concentration and therefore will influence the primary production; relocation of sand will have an effect on the morphology and therefore will influence the ecological valuable habitats. However, as both sand and silt transport take place simultaneous in reality, the final model included both the cohesive and the non-cohesive sediment. It was found that mainly the cohesive sediment transport was influenced by this approach, as the major part of the available transport capacity was consumed by the non-cohesive sediment transport.
The numerical model has a grid resolution in the zone of interest of 25 m (L) by 15 m (W) (width of the estuary in this zone ∼500 m). It is driven by a water level time-series at the down-estuarine boundary, while a discharge time-series (generated from the NeVla-model) was defined at the up-estuarine boundary. A uniform Manning bed roughness was applied (0.025 m 1/3 /s), resulting in a good agreement of water levels in the study area.
A sensitivity analysis was performed on the sediment transport model (both cohesive as non-cohesive) and the morphological model. As the additional measurements focused on non-cohesive transport, only this part is discussed in the paper.
Sediment transport formula
Several formula are available to describe the sediment transport in rivers and estuaries. Within this study it was chosen to use both Engelund-Hansen formula (1) and Van Rijn formula (2a and 2b)), which are both suited for non-cohesive sediment transport of fine sand. Further information on these formula can be found in (Engelund & Hansen, 1967) and (Van Rijn, 1993) .
It can be seen that concept of these formula is different (total load q t vs. bed q b and suspended q s load) and the different effect of both mean flow velocity u (power 5 vs. power 3) and median grain size d 50 (inverse vs. proportional) between these formula. Figure 3 shows the hydrodynamic conditions for the different locations in the Zeeschelde. The tidal characteristics change significantly along the estuary: the most down-estuarine locations of the Zeeschelde (Liefkenshoek, Oosterweel) have an almost symmetrical tide; more up-estuary the tidal asymmetry increases, most pronounced at Schellebelle and Schoonaarde. The tidal range increases from the North Sea up to Driegoten due to the funnel shape of the estuary. More up-estuary it decreases due to the damping effect of the undeeper channels. The asymmetry in the vertical tide is translated into the horizontal tide (flow velocities). Highest flow velocities are found at Oosterweel (ebb and flood phase) and Driegoten (flood phase). Figure 4 shows the sediment transport for the different locations in the Zeeschelde. The sediment D50 ranges from very fine sand (near-bed "DBF") to very fine silt or mud (suspended "SUSP").
RESULTS
Field measurements
Sediment transport patterns are different for different locations, which is related to the position along the estuary and its position on the transect. For Driegoten the sediment transport shows a maximum 1 to 3 hours after low water. The sediment during this period is muddy, with a lot of flocs. Where the flow velocities in this period are low, the peak is probably related to the technique of the Delft Bottle: while this technique is suited for sand, it was found that during period with low flow velocities, currents through the bottle are insufficient to transport mud through the bottle, leading to anomalies in the measured transport.
Numerical model
The numerical model was validated with the available field measurements. Where the simulated period was not identical to the moment of the field measurements (due to limited availability of boundary conditions of fresh water discharge), a tidal cycle with similar characteristics was searched during the simulation period. A good agreement was found, although small differences are possible. Figure 5 (top panel) compares the measured and modelled flow velocities at Kruibeke. It can be seen that during ebb (HW-360' to HW + 30') good agreement is found. During flood, peak velocities are overestimated in the model.A possible explanation was found in (1) a steeper rising of the tide in the model and (2) a difference in position along the cross-section due to grid size resolution (measurement was performed outside the navigation channel and thus relatively close to the bank (steeper bed slope)). Figure 5 (bottom panel) compares the measured and modelled sediment transport rates at Kruibeke. It should be mentioned that sediment transport measurements were executed at several (4) points over the vertical profile, and an assumption (profile derived from relative profiles of all measurements divided in 30'-blocks of the tidal cycle) had to be made to integrate this towards a transport over the full vertical. It can been seen that both the Engelund-Hansen and the Van Rijn formula give similar patterns over time, with higher values from the Van Rijn formula at peak transport. When model results are compared with the measurements, some similarities can be seen, although difference are present: At the start of the ebb phase (HW-300') a peak is found in the measurements, which does not occur in the model. However, it is not certain that this peak is related to natural transport (an important increase in flow velocity coincides with this peak), or other factors (e.g. re-suspension due to ships) play a role. During the next phase of the ebb, a similar pattern is found, with modelled transport rates being twice as high as measured values. During the first phase of the flood period (until HW + 200'), modelled transport rates are lower than measured values, and at peak transport differences are even larger. This is probably related to the difference in flow velocity at this moment, as sediment transport rates relate to the 5th power (Engelund-Hansen) of the velocity. Although differences exist, it was concluded that the model gave a reasonable agreement with regard to non-cohesive sediment transport.
In the next phase, morphological updates were activated in the model. To evaluate the model, several topo-bathymetric maps (interval of one year) of the Zeeschelde were used and both difference and consistency (to identify yearly variation in sedimentationerosion patterns) maps ( Figure 6 ) were derived.
From these maps, it can be seen that several zones in the Beneden-Zeeschelde are eroding (red), while other zones are characterized by sedimentation (green). Morphological changes were computed by the numerical models (Figure 7) , using both Engelund-Hansen and Van Rijn formula. It can be seen that (1) patterns don't show a good agreement, (2) that the intensity of bathymetric changes is larger in the model than in reality and (3) different formula give very important differences in erosion-sedimentation patterns. It can be seen that the Van Rijn formula predict erosion in the channels and accretion near the banks, while the Engelund-Hansen formula predicts the opposite.
Based on these results, it was decided that scenarios within the project to optimize the relocation strategy could not be done using the morphological model. Therefore different scenarios were investigated by making changes in the initial bathymetry (adding sediment to reproduce the relocation) and analyzing changes in flow patterns and sediment transport rates.
CONCLUSIONS
In 2014, a series of field measurement campaigns were organized to collect datasets for numerical model calibration and validation with regard to sediment transport and morphology. In the past, the models have been extensively calibrated and validated for hydrodynamics, but due to lack of available measurement data, sediment transport was never really validated. As measuring sediment transport remains very challenging, results have an uncertainty due to (a) measurements techniques (e.g. sensitivity of indirect techniques to sediment properties, bio-fouling), (b) measurement execution (e.g. errors made during direct sampling in sample collection), (c) field conditions (external factors e.g. ships) and (d) data post-processing (e.g. calculation of vertical profile based on discrete data).
Within the scope of several projects, these new datasets were used to validate numerical models. Within this paper the results of a validation was described for a 2D numerical model in Delft3D used to optimize the relocation strategy of dredged non-cohesive sediments in the Zeeschelde.
Sensitivity exercises have indicated the important influence of several numerical parameters. The comparison of field data and numerical model results show a rather promising agreement (i.e. differences of factor 2 to 3) for the Beneden-Zeeschelde. During certain moments of the tidal cycle sediment transport patterns are reproduced rather well, while at certain moment differences become larger. Where sediment transport is calculated with difference formulas (e.g. Engelund-Hansen, Van Rijn) using flow velocities as an important parameter, minor differences in flow velocity are translated into large differences in sediment transport.
Finally a comparison with observed topobathymetric changes was made using the morphological module. Importance differences were found, both in patterns, intensities and between the 2 formula. Therefore, it was decided that scenarios within the project to optimize the relocation strategy could not be done using the morphological model. Different scenarios were investigated by making changes in the initial bathymetry (adding sediment to reproduce the relocation) and analyzing changes in flow patterns and sediment transport rates.
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